Many female bats give birth to a single large young that is weaned at about 90-95% adult size and about 70-80% adult postpartum mass. The need for young to become independent fliers as quickly as possible presumably drives this burdensome development. We considered whether minerals or nitrogen in milk could limit reproductive and developmental capacity in bats. Milk samples were collected during the course of lactation from captive Artibeus jamaicensis and Phyllostomus discolor with known-aged young. Milk mineral (calcium, magnesium, sodium, potassium, and iron) and nitrogen concentrations did not significantly change during the course of lactation, except for sodium, which decreased in A. jamaicensis. When compared with other bats, concentrations of minerals and nitrogen in milk were weakly associated with phylogeny. We calculated daily accretion rates and total amounts of minerals and nitrogen in the body of young bats for each day of development. We also present calculations of the mass of milk required each day to meet accretion of minerals and nitrogen throughout the course of postnatal growth. From these analyses, we found that, except for calcium, minerals and nitrogen in milk were present in concentrations that exceeded the needs of developing young.
Growth rates of young mammals are dependent on the ability of the mother to provide nutrients, and milk should therefore reflect the nutritional needs of the young (Robbins et al. 1981; Stern et al. 1997) . Bats are atypical among mammals in that they have small litter sizes and relatively long lactation periods, and development of young proceeds until they have almost achieved adult dimensions (Kunz and Stern 1995) . Bats are unable to fly or forage until they have nearly reached adult dimensions , and mothers feeding young at these times are faced with high nutrient demands that may limit growth rates of young as they approach weaning. Determination of nutrient composition of bat milk might provide insights into nutri-* Correspondent: ggk301@scranton.edu ents, such as minerals, that limit rate of growth and development of young.
Changes in mineral composition of milk throughout lactation have been most thoroughly investigated in humans, economically important agricultural and domestic species, and laboratory rodents. Most previous studies of composition of bat milk reported macromolecular (proximate) composition and associated energy content (Jenness and Studier 1976) . Only limited data have been published on mineral concentrations of bat milk. Currently, mineral composition of milk has been described for 10 species of bats, representing both chiropteran suborders, 3 families, and 3 different dietary habits. Concentrations of milk minerals have been described in 7 bat species, from mothers at unknown stages of lacta-tion. These include, in Phyllostomidae, the omnivorous Phyllostomus hastatus and frugivorous Carollia castanea, C. perspicillata, and C. brevicauda and in Pteropodidae, the frugivorous Cynopterus horsfieldi, Dyacopterus spadiceus, and Megaerops ecaudatus . Concentrations of milk minerals throughout the duration of lactation in mothers with known-aged young have been described in 4 species of bats. These include, in Phyllostomidae, the omnivorous P. hastatus (Stern et al. 1997) , in Molossidae, the insectivorous Tadarida brasiliensis (Studier and Kunz 1995) , and in Pteropodidae, the frugivorous P. hypomelanus and P. vampyrus (Hood et al. 2001) .
As a component of a broader goal of investigating maternal investment in growth and development of young bats, we report concentrations of minerals and nitrogen during the course of lactation in 2 species of neotropical, phyllostomid bats, the frugivorous Artibeus jamaicensis and omnivorous P. discolor. We characterize the mineral and nitrogen concentrations in milk collected from mothers with known-aged young. We also investigated the association between mineral and nitrogen concentrations of milk and the rate of accretion of these nutrients in growing bats.
MATERIALS AND METHODS
From a captive colony of bats maintained at the University of Scranton, Scranton, Pennsylvania, we used 36 P. discolor and 33 A. jamaicensis young born during a 5-year period (1995) (1996) (1997) (1998) (1999) for this study. We maintained these bats in a room (7.3 by 2.0 by 2.4 m) with a lighting cycle of 12L:12D that allowed flight and provided several roosting sites. Temperature ranged between 20 and 25ЊC, and humidity ranged between 30% and 70%. We fed P. discolor artificial nectar (15% Karo Dark Corn Syrup [Best Foods Division, CPC International Inc., Englewood Cliffs, New Jersey], 10% honey, and 40% baby formula [Enfamil ProSobee Soy Formula; Mead Johnson & Company, Evansville, Indiana] in tap water), mealworms, and an unlimited quantity of noncitrus fruits. We fed A. jamaicensis ad lib. a variety of noncitrus fruits. All protocols involving live bats were approved by the Institutional Animal Care and Use Committee at the University of Scranton .
We obtained data on reproduction, growth, and development by standard methods (Kunz and Stern 1995) . We regularly collected data at about 1500-1700 h (about 0-2 h before lights off and feeding). We determined body mass by means of an electronic balance (Mettler PB602; Mettler-Toledo, Inc., Columbus, Ohio) to nearest 0.01 g. We analyzed body-mass data by a variety of linear and nonlinear regression models, with the Marquardt-Levenberg algorithm (Marquardt 1963) providing the best fit. We used the Marquardt-Levenberg algorithm to derive growth parameters from the logistic equation M(t) ϭ a(e Ϫk(tϪi) ϩ 1)
Ϫ1
, where M ϭ the variable being measured (body mass, in g), a ϭ asymptotic mass, k ϭ growth constant (in g/day), and i ϭ inflection point. This function, along with supplementary statistical analysis and graphing, was performed with Sigma Plot (Version 2000, SPSS, Inc., Chicago, Illinois), unless noted otherwise.
We determined growth rate for changes in body mass for neonates during development to independent juvenile size. We counted age in days from birth, with birth ϭ day 0. Length and stage of lactation were difficult to determine precisely for each bat. We used 2 criteria: 1) volume of milk collected (x) after 6 h of separation from young was used to determine times of peak lactation (x Ͼ 0.5 ml), declining lactation (0.5 ml Ն x Ն 0.05 ml), and cessation (x Ͻ 0.05 ml) and 2) time at which young accepted whole food. Day 72 for A. jamaicensis and day 90 for P. discolor represent the last day for which we were able to collect milk samples and therefore determined the length of lactation for the respective species. We used body-mass data for the duration of lactation to construct growth curves and define growth parameters. Because the derived regression for males and females of both species was similar, we combined data for both sexes, and we superimposed the resulting regression line onto the body-mass plots for each species.
We collected milk samples from lactating females by separating them from their knownaged young at 0800-0900 h. Samples were collected from lactating females after 6-8 h of iso-lation from their young without anesthesia or oxytocin injection. We collected milk by palpation from both teats into 100-l glass capillary tubes, then transferred the milk to microcentrifuge tubes that were sealed immediately and stored at Ϫ80ЊC until analyzed. At times of peak lactation (days 20-30 for A. jamaicensis and days 20-40 for P. discolor), the maximum milk volume we collected per female after 6 h of isolation was 800 l for A. jamaicensis and 700 l for P. discolor. We collected samples 1-2 times per week, up to day 72 in A. jamaicensis and up to day 90 in P. discolor. We collected milk samples longitudinally during the course of lactation for 8 A. jamaicensis (n ϭ 64 milk samples) and 4 P. discolor (n ϭ 40 milk samples). Whether milk collection affects growth rate of young, either by reducing the milk available to the young or by stressing the mother, is unknown (Stern et al. 1997) .
We transferred milk samples to University of Michigan-Flint for analyses. Volume of milk for each sample (range ϭ 50-800 l) was sufficient for individual sample analyses, and no pooling of samples was required. Samples were dried to constant mass at 50-60ЊC, digested with sulfuric acid followed by persulfuric acid, diluted appropriately, and analyzed for nitrogen concentrations by Nesslerization (Treybig and Haney 1983) . Analyses for calcium, magnesium, and iron were followed by atomic absorption spectrophotometry and, for sodium and potassium, by emission spectrophotometry (Studier and Sevick 1992) .
We entered all individual concentrations of minerals and nitrogen (mg/g dry mass) in milk into a Sigma Plot spreadsheet for statistical analyses and graphing. Amount of each mineral and nitrogen in bat milk, for each bat and pooled for species comparison, was plotted against age (day) to determine trends. We examined variation in the composition of milk across lactation using linear, squared, and cubic regressions for mineral and nitrogen comparisons, where day of lactation was the independent variable and concentration of each component was the dependent variable. We determined the average concentration of each milk mineral and nitrogen for both A. jamaicensis and P. discolor, with values reported as mean Ϯ SE.
We determined daily accretion rates for each mineral and nitrogen by calculating the mass of each mineral and nitrogen in the whole body for each day of the developmental period. This was accomplished as follows: we used the growth constant determined from the logistic growth equation for body mass to obtain a specific body mass for each day of development. Each value for calculated body mass was then multiplied by the concentration of each mineral and nitrogen in the whole body to obtain a body-composition value for each mineral and nitrogen. Daily accretion values for each mineral and nitrogen were obtained by subtracting the body-composition value of 1 day, n, from body-composition value of day n ϩ 1 for each day of development. We plotted daily accretion values against age. Values for the concentration of each mineral and nitrogen in the whole body (mg/g dry mass) for A. jamaicensis were obtained from Studier et al. (1994) . We found no reported values for concentration of minerals and nitrogen in the whole body for P. discolor. The closest taxonomic relative of P. discolor for which these values are known is P. hastatus (Studier et al. 1994) . We used values for the concentrations of minerals and nitrogen in the whole body from P. hastatus to determine mass of minerals and nitrogen in the whole body, accretion rates for minerals and nitrogen, and the amount of milk required to meet mineral and nitrogen accretion for P. discolor.
Calculations of amounts and rates of accretion of minerals and nitrogen in young of P. discolor and A. jamaicensis during the postnatal period, coupled with measurements of levels of the nutrients in milk over time, allowed us to calculate a minimal mass of milk (assuming 100% assimilation efficiency by young) necessary to meet daily accretion for each mineral and nitrogen. The amount of milk required to be ingested each day to meet daily accretion was calculated as follows: we summed the body-composition value for each mineral and nitrogen to determine the total amount of mineral in the whole body for each day of development (daily accretion value) by using Microsoft Excel 2000 (Version 9.0, Microsoft Corporation, Redmond, Washington). We determined the amount of milk necessary for a bat to ingest each day to meet its daily accretion value by dividing daily accretion rates by average concentration of that mineral or nitrogen in the mother's milk. Finally, for the developmental period, we plotted daily accretion values against age and plotted amount of milk 
RESULTS
The regression line for growth in body mass for young bats for each species had an initial rapid increase that was linear, followed by a growth rate that slowly decreased and became asymptotic after weaning (Fig. 1) . The average day of weaning for A. jamaicensis was 62.1 days Ϯ 1.7 SE, n ϭ 28, and the average day of weaning for P. discolor was 88.7 Ϯ 1.9 days, n ϭ 30. After weaning, body mass increased slowly until young bats reached their asymptotic mass, a. For A. jamaicensis, a ϭ 48.0 g, k ϭ 0.0421 g/day, and i ϭ 21.6 g. For P. discolor, a ϭ 35.2 g, k ϭ 0.0545 g/day, and i ϭ 18.4 g.
On day of weaning, juvenile A. jamaicensis females were 90% of their asymptotic mass and 81.8% of their mother's postpartum mass, whereas juvenile P. discolor females were 95.7% of their asymptotic mass and 81.6% of their mother's postpartum mass. Juvenile A. jamaicensis males were 87.9% of their asymptotic mass and 90% of their mother's postpartum mass, whereas juvenile P. discolor males were 91.1% of their asymptotic mass and 80% of their mother's postpartum mass.
Concentrations of minerals in milk samples from individual bats over time exhibited considerable variation. Average concentration of each milk mineral and nitrogen (mg/g dry mass) was determined for both A. jamaicensis and P. discolor (Table  1) . When values for each mineral and nitrogen were compared between species by ttests, there were significant differences in the concentrations of iron (t ϭ 4.32, d.f. ϭ 78, P Ͻ 0.0001), potassium (t ϭ 4.09, d.f. ϭ 81, P Ͻ 0.0001), magnesium (t ϭ 2.07, d.f. ϭ 83, P Ͻ 0.05), and nitrogen (t ϭ 2.67, d.f. ϭ 69, P Ͻ 0.01). There were no significant changes for either species during the course of lactation in the milk concentrations of calcium, iron, potassium, magnesium, or nitrogen when examined by multiple comparisons (linear, squared, and cubic regressions). Concentrations of sodium in milk did not significantly change during the course of lactation for P. discolor, but sodium concentrations in milk of A. jamaicensis decreased during the course of Typically, accretion rates of minerals (calcium, potassium, and sodium) and nitrogen increased during early lactation, peaked about midlactation, and then progressively decreased to minimal rates before weaning. This indicated that periods of peak lactation (from late-early lactation to midlactation) coincided with greatest accretion (Fig. 2) . Accretion rates for magnesium and iron, however, did not change during the course of lactation. The total mass for each mineral and nitrogen in the whole body when plotted against day of lactation resulted in a curve similar to that for body-mass changes (Fig. 3) . The total mass added each day for minerals and for nitrogen in the whole body of growing young increased linearly during early to midlactation and then leveled off, approaching an asymptotic mass during late lactation.
For all nutrients, mass of milk required to meet daily accretion rates increased from birth to approximately peak lactation and then declined to a minimum rate near the time of weaning (Fig. 4) . Of the nutrients reported in this study, calcium in milk was present in amount that was approximately equal to the amount needed to satisfy calcium accretion in developing young. All other nutrients were present in milk in amounts that exceeded their accretion rates.
DISCUSSION
We used the logistic growth model for analyses of standard physical measurements when characterizing postnatal growth in the studied bats because previous studies indicated that this model best fits empirical data for bats (Kunz and Stern 1995) . Analyses of postnatal growth showed that early postnatal growth was nearly linear and growth progressively slowed from approximately the midpostnatal period until past weaning. As young reached weaning, growth rate approached an asymptotic mass, but that as-FIG. 2.-Daily accretion rates for minerals and nitrogen in young of known-age during the lactational period. a) Daily accretion rates in Artibeus jamaicensis for calcium, potassium, sodium, magnesium, and iron (top to bottom, respectively). b) Daily accretion rates for nitrogen in A. jamaicensis. c) Daily accretion rates in Phyllostomus discolor for calcium, potassium, sodium, magnesium, and iron (top to bottom, respectively). d) Daily accretion rates for nitrogen in P. discolor. ymptotic mass was not reached until past weaning.
We found the growth constant for body mass of P. discolor (0.055) similar to that previously reported (0.053) by Rother and Schimdt (1985) . The growth constant of A. jamaicensis (0.042) was higher than previously reported (0.034) by Kunz and Stern (1995) based on data from Taft and Handley (1991) . Because our bats originated from Puerto Rico and the colony of Taft and Handley (1991) was from Barro Colorado Island, Panama, this disparity in growth rates may be due to subspecific variation in FIG. 3.-Calculated amount of mineral and nitrogen accretion in whole body of known-age bat young during the lactational period. a) Calculated amount of calcium, potassium, sodium, magnesium, and iron (top to bottom, respectively) in whole body of young Artibeus jamaicensis. b) Calculated amount of nitrogen in whole body of young A. jamaicensis. c) Calculated amount of calcium, potassium, sodium, magnesium, and iron (top to bottom, respectively) in whole body of young Phyllostomus discolor. d) Calculated amount of nitrogen in whole body of young P. discolor. bats from diverse sources (A. j. jamaicensis is found on Puerto Rico and A. j. richardsoni is found in Panama-Ortega and Castro-Arellano 2001). The disparity may also be the result of differences in captive environments or differences in methods of data collection and analysis, or both. These growth constants are within the range reported for other bats (e.g., Kunz and Stern 1995) . When compared with growth constants of other phyllostomid bats, i.e., P. hastatus (0.0620- Stern et al. 1997) and C. perspicillata (0.0629-Kleiman and Davis 1979) , our values are lower, but considering FIG. 4 .-Calculated amount of milk that must be ingested each day for accretion of minerals and nitrogen in the whole body during the lactational period. a) Mass of milk needed for accretion of calcium, nitrogen, sodium, iron, magnesium, and potassium (top to bottom plots, respectively) in the whole body during the lactational period for Artibeus jamaicensis. b) Mass of milk needed for accretion of calcium, nitrogen, sodium, iron, magnesium, and potassium (top to bottom plots, respectively) in the whole body during the lactational period for Phyllostomus discolor. For additional clarity, the inset depicts mass of milk required for accretion of iron, magnesium, and potassium in the whole body during the lactational period for P. discolor. the paucity of data for phyllostomids, caution must be taken before conclusions can be inferred with respect to growth rates and phylogeny until more species are examined.
Analyses by multiple comparisons of concentrations of minerals and nitrogen in milk during the course of lactation revealed that concentrations of minerals and nitrogen did not significantly change during lactation except for a decrease in sodium concentrations in A. jamaicensis. We found significant differences between the milk of the 2 species in iron, potassium, magnesium, and nitrogen concentrations but not in calcium or sodium concentrations. Some observed variation in concentrations of minerals and nitrogen in this study was probably due to individual physiological differences because milk composition may be characteristic of individuals and subject to intraspecific variation (Allen et al. 1991; Oftedal and Iverson 1995) . High variability in concentrations of minerals and nitrogen in bat milk may be due to fluctuations in diet or physiological states of lactating females (Stern et al. 1997) . Because variation occurs in concentrations of ions and minerals in milk of domestic mammals, humans, and bats (Allen et al. 1991; Oftedal and Iverson 1995; Stern et al. 1997 ) and because of broad individual variation, specific trends may be difficult to discern. Furthermore, the high variability in concentrations of minerals and nitrogen and the lack of significant trends during lactation may be due, in part, to dietary differences exhibited by the 2 species in captivity because A. jamaicensis ate only fruit and P. discolor ate mealworms and artificial nectar before eating fruit. Food consumed by bats in captivity is unlikely to reflect the diet that would be consumed in their natural habitat but likely affects the availability of minerals transported to milk. JOURNAL OF MAMMALOGY Changes in the concentration of minerals during lactation are common in mammals such as cows, rats, pigs, and humans (Atkinson et al. 1995; Casey et al. 1995; Nicholas and Hartmann 1991) . In bovine milk, concentrations of sodium and potassium are relatively constant throughout lactation (Rook and Wheelock 1967) . In rat milk, sodium and potassium have been negatively correlated with lactose concentration, which regulates milk volume, and as lactose increases during lactation, sodium and potassium generally decrease (Nicholas and Hartmann 1991) . Also in rat milk, calcium increased early during lactation, followed by relatively constant levels for the remainder of lactation (Nicholas and Hartmann 1991) . For most species, calcium and magnesium have an inverse relationship with lactose, and as lactose concentration increases during the course of lactation, magnesium and calcium concentrations decrease (Nicholas and Hartmann 1991) . In swine milk, the concentration of calcium is not reported, although the percentage of calcium increases in milk during lactation (Pond and Maner 1974) . In human milk, sodium, potassium, calcium, magnesium, and iron concentrations decrease during the course of lactation (Atkinson et al. 1995; Casey et al. 1995; Neville et al. 1995) . Unlike domestic species, we did not observe trends in minerals in bat milk, except for a decrease in sodium concentrations during the course of lactation, similar to those found in rats and humans.
When comparing the concentrations of minerals and nitrogen between P. discolor and P. hastatus (Stern et al. 1997) , we found no similarities in concentrations for any mineral or nitrogen. This finding disagrees with other species comparisons within genera for bats (Hood et al. 2001) , where milk composition was similar in concentrations of minerals. We believe that these results warrant further analyses of genera to better understand relationships between milk composition and phylogeny in bats.
The concentrations of minerals and nitrogen in milk from A. jamaicensis and P. discolor were within the range of values found for other bat species (Hood et al. 2001; Stern et al. 1997; Studier and Kunz 1995; . We examined milk mineral and nitrogen concentrations, diet, and phylogeny for possible relationships, similar to the comparisons made by Hood et al. (2001) . We found no correlation between milk minerals or nitrogen and diet, except that potassium concentrations were highest among the frugivorous species, intermediate among omnivorous species, and lowest among insectivorous species. We found that average calcium concentrations in Pteropodidae were significantly higher (t ϭ 3.35, d.f. ϭ 5, P Ͻ 0.03) than average calcium concentrations of Phyllostomidae. Unlike Hood et al. (2001) , we found no significant differences in the milk mineral concentrations of magnesium, sodium, or potassium between the 2 families of frugivores (Pteropodidae and Phyllostomidae). This difference is most likely due to the statistical effect of additional data included in the analysis. We agree with Hood et al. (2001) that relationships between the concentrations of milk minerals appear weakly associated with phylogeny. Additional data from more taxa are needed to better understand the relationship between the concentrations of milk minerals and nitrogen, diet, and phylogeny.
In studies of mineral and nitrogen concentrations in milk from other bats, some variations in minerals were found as young aged. Concentrations of calcium and magnesium decreased, whereas those of sodium, iron, potassium, and nitrogen remained constant in P. hastatus (Stern et al. 1997) . Calcium, magnesium, and sodium concentrations decreased throughout lactation, whereas iron, potassium, and nitrogen concentrations remained constant in T. brasiliensis (Studier and Kunz 1995) . Calcium, magnesium, and potassium concentrations did not change during lactation in P. hypomelanus and P. vampyrus (Hood et al. 2001 ). Our results indicate that the decrease in sodium concentrations in A. jamaicensis was similar to that reported in T. brasiliensis. The constant sodium concentration throughout lactation that was reported for P. hastatus agrees with our findings for P. discolor. Unlike previous studies of bats, we found no decrease in calcium or magnesium concentrations during the course of lactation. Barclay (1994) has suggested that calcium availability may influence growth rates in bats, and an interspecific comparison in bats of growth rates and calcium supply in milk suggests that growth rates may be related to calcium supply (Stern et al. 1997 ). When we added the growth rates and milk calcium concentrations for P. discolor and A. jamaicensis from this study and data for P. hypomelanus from Hood et al. (2001) and Kunz and Stern (1995) to the data used by Stern et al. (1997) for correlation analysis, we found no correlation (P Ͼ 0.1) between milk calcium concentrations and growth rates for bats. Because the number of samples is small for this type of analysis, we are reluctant to draw any conclusions.
From the calculated daily accretion rates and average concentrations of those nutrients in the mother's milk, we calculated a minimal amount of milk required each day to meet accretion of minerals and nitrogen in the whole body during the course of postnatal growth for each species. When considering the mass of each mineral and nitrogen added to the whole body each day, the amount of mineral or nitrogen needed per day becomes minimal near the time of weaning. The total mass of each mineral and nitrogen in the whole body becomes asymptotic, similar to the growth curve for mass, as an adult value is reached. Similarly, as minerals and nitrogen in the body reach an asymptotic value, the amount of milk required decreases. Minerals and nitrogen in milk are present in concentrations that surpass the calculated accretion needs of developing young except for calcium. Similar to Carollia species, concentrations of calcium in milk of A. jamaicensis and P. discolor are lower than calcium concentrations in milk of other bats studied to date (Hood et al. 2001; Stern et al. 1997; .
Of the mineral and nitrogen concentrations reported for A. jamaicensis and P. discolor, accretion rates of calcium in young from birth through weaning represent a limiting factor that determines the minimal amount of milk that must be ingested by these young. If the calcium content in milk or the ability of the mother to provide adequate calcium in milk (e.g., diet, low bone stores) is a limiting factor in daily growth of developing young, then calcium limits reproductive and developmental capacity in these species, supporting Barclay (1994) that calcium can be a limiting factor in reproduction.
